Abstract: Motivated by the tantalizing excesses recently reported in the di-photon invariant mass spectrum at the LHC, we scrutinize some implications of scalar di-photon resonances in high energy proton-proton collisions. In particular, indications of a large width impose several challenges for model building. We show how calculability and unitarity considerations severely limit possible perturbative realizations of such a signal and propose a simple criterion that can be adapted to any renormalizable model. Furthermore, we discuss correlations between a di-photon excess and precision observables, including the anomalous magnetic and electric dipole moments of quarks and leptons, neutral meson oscillations and radiative flavor changing neutral current mediated decays of heavy leptons and hadrons. We find that existing searches and measurements significantly constrain the possibilities for a scalar resonance decaying into final states involving Standard Model fermions. We propose future search strategies which could elucidate some remaining currently unconstrained decay channels and discuss possible correlations between the diphoton excess and several recently reported flavor anomalies, showing that the latter can be addressed in a new incarnation of a gauged U (1) model, with the di-photon resonance being the physical remnant of the U (1) -breaking field.
Introduction
Very recently, ATLAS reported an excess in the search for resonances decaying into photon pairs around a mass of M γγ ∼ 750 GeV, using the first 3.2 fb −1 of data at √ s = 13 TeV collected in run II at the LHC. The local (global) significance of the excess is 3.9 σ (2.3 σ), taking the best-fit value for the width of the resonance of Γ ∼ 45 GeV [1] . Interestingly, the signal is in tentative agreement with results from the similar CMS search, which sees a local excess of 2 σ for the same width, employing 2.6 fb −1 of data [2] . 1 There were also less significant upward fluctuations in this mass region in the run I data collected at 8 TeV [3, 4] . The surplus might be just a statistical fluctuation, however it could also be the first hint and guidance to physics beyond the Standard Model (SM). While there have been in fact immediately numerous attempts to explain this anomaly in terms of a new particle in different concrete scenarios beyond the SM . Here we want to take a rather general perspective and relate the excess to other observables and considerations, which can provide consistency and phenomenological constraints on its explanations. Since the tentative new state (which we henceforth denote by S) couples to two photons it can either have spin zero or spin two, and in the present work we will focus on the former case. Moreover, the new state can be produced singly or associated with other final states. Currently there are no experimental indications of significant additional electromagnetic or hadronic activity in signal events, and no significant missing transverse energy has been reported. All together this prefers prompt single production as the simpler explanation, which we will also concentrate on here. Theoretically, the resonance could be a singlet under the SM gauge symmetry or part of a larger electroweak multiplet. While we will mostly focus on the former case, we will comment on generalizing our results to the possibility that the state carries non-zero weak isospin. Finally, consistency of the run II excesses with run I data requires the production cross section to increase between 8 TeV and 13 TeV proton-proton collisions by at least a factor five, indicating production from gluon fusion or non-valence (b, c, s) quark annihilation [77] . In the present work we will focus on the first possibility, however many of our results can be easily generalized to the other cases.
As we will show in Sec. 2 (and has been stressed in some of the existing literature, c.f. [77] ) the observed signal strengths imply uncomfortably large couplings of S to photons (and gluons). While numerous perturbative model realizations have already been proposed, they generically require the existence of large multiplicities or (color) charges of additional new massive particles (mediators), preferably close to the TeV scale. From a model building point of view, strongly coupled extensions of the SM thus seem to be preferred. Here we want to support and reinforce this argument showing that various supposedly renormalizable weakly coupled extensions are de facto not calculable at all. While we cannot exclude that perturbation theory in any "weakly coupled" model breaks down at the mass-scale of the mediators, we show with a concrete toy model capturing the essential ingredients of most existing proposals, that the problem of calculability is indeed very severe.
Various authors have suggested models with couplings of order unity. Naively one could think that this is enough to guarantee a perturbative expansion of the theory, however, in order to fit the phenomenological data, a plethora of new states that carry electric charge (to generate the decay into photons) and color charge (in order for example to have a sizable production cross section due to the interactions with the gluons in the proton) have to be added to the theory. However, the large amount of new states affects the predictivity of the theory in two ways:
• The new states modify the running of the couplings inducing the possibility of the appearance of Landau poles in the ultraviolet (UV). If we do not insist on having a calculable model that can be extrapolated to very high energies this is not a serious issue: perturbative expansion is valid, albeit only in a limited range of energy scales;
• The new dynamics could be such that perturbation theory breaks down already at the matching scales of the mediators, i.e. because the relevant expansion parameter -the 't Hooft coupling -grows non-perturbative. If this is the case any computation is not reliable.
It is therefore important to find an easy adaptable criterion to understand if a given model is calculable or not. In Sec. 3 we propose exactly one such criterion and examine it on an explicit concrete example involving new color and/or electromagnetically (EM) charged vector-like fermions with Yukawa-like couplings to S. Once/if the S signal is established, it will also be of utmost importance to study its properties and interactions with SM degrees of freedom. Especially because the large decay width, favored by the ATLAS measurements, could indicate S decay channels beyond di-photons. Fortunately, precision low energy measurements already provide abundant information in the form of constraints on the potential couplings of S. For example, if S couples to SM quark anti-quark pairs of different generations, it will induce contributions to local four-Fermi interactions at low energies which can be probed with neutral meson oscillation measurements. In addition, its sizable coupling to photons (and gluons) generically predicts the appearance of (chromo) magnetic and electric dipole operators, which are tightly constrained by existing low energy measurements and searches. In particular, if the products of couplings of S to pairs of photons (gluons) and (colored) SM fermions f violate CP, they will induce a (chromo) electric dipole moment ((C)EDM) of f at the one-loop order. The CP conserving combination on the other hand generates the corresponding anomalous (chromo) magnetic dipole moment ((C)MDM). Finally, if S couples to SM fermions of different generations, it will induce radiative flavor changing neutral current (FCNC) or lepton flavor violating (LFV) transitions, both of which are already tightly constrained by experiments. We explore the implications of these low energy constraints on the collider phenomenology of S in Sec. 4 .
In few cases we also have weak hints for possible BSM physics which can also potentially be connected to the di-photon excess. Therefore among the various observables we devote special attention to two where experimental measurements have been exhibiting persistent tensions with SM estimates and which can be naturally linked to the existence of a heavy scalar resonance decaying to photon pairs:
1. The anomalous magnetic moment of the muon (a µ ) 2. The measurements of rare semileptonic B meson decays B → K ( * ) + − .
For the former we will show that models addressing the anomaly via loop diagrams involving S are in general tightly constrained from limits on S → µ + µ − decays, while for the latter we will present and constrain a simple solution with a gauged U (1) symmetry, where the di-photon resonance is the physical remnant of the U (1) -breaking field.
At this point we note that several previous works have considered flavor constraints on the 750 GeV diphoton resonance. In particular, Refs. [15, 30] have studied possible implications of the 750 GeV resonances on the (g − 2) µ within particular models that they have analyzed. Similarly, Refs. [17, 22] made an attempt to explain the data in conjunction with the R K and R D * measurements, while [19] tried to connect it to the tt forward-backward asymmetry. However, we emphasize that this work is the first attempt to consider the implications of the di-photon resonance on flavor physics in relatively model-independent way, with generic assumptions that we outline in Sec. 2. Compared the previous works we also consider a much broader spectrum of flavor observables to constrain the couplings of the new resonance to SM fermions.
To summarize the structure of the remainder of the paper: the basic experimental facts on S production and decays at the LHC are reported in Sec. 2, where we also define the theoretical framework within which our conclusions are derived. This is followed by the discussion on the calculability of weakly coupled UV realizations of the effective low energy interactions of S in Sec. 3. The constraints and implications of S couplings to SM fermions are examined in Sec. 4. We conclude with a summary of our results and discussion of possible future extensions, presented in Sec. 5.
Setup
We follow Ref. [77] in parametrizing the signal strength of S production through gluon fusion and its decays to pairs of photons in terms of the corresponding S decay widths Γ γγ ≡ Γ(S → γγ) and Γ gg ≡ Γ(S → gg) computed at leading order in QCD. Assuming σ(pp → S) × B(S → γγ) ≈ (6.0 ± 1.5) fb at √ s = 13 TeV LHC, the current data are reproduced for
where Γ ≡ f Γ(S → f ) is the total S width and M 750 GeV its mass. In addition, the ATLAS data prefer
At any scale µ 0 above M one can parametrize the relevant S interactions to photons and gluons in terms of local effective operators 2
which encode the contributions from all degrees of freedom with masses above µ 0 . We will also assume that the S field does not condense which is equivalent to requiring that the particle S is an excitation around a minimum of the scalar potential. We can then identify Λ i with the mass of the lowest lying state generating the terms in L F and absorb additional dependence on the couplings, charges and multiplicities of such states into i . In absence of additional contributions to Γ γγ and Γ gg and focusing for the moment on CP even interactions, the product ( γ /Λ γ )( g /Λ g ) is bounded from below from (2.1), leading to 3
where the width is in general bounded from below by
If however S couples to (in particular charged and/or colored) particles Q with masses below µ 0 , these have to be included in the theory. Considering for concreteness contributions due to couplings to fermions (generalization to the case of scalars or even vectors is straightforward), the relevant interactions are of the form where P L ≡ (1 − γ 5 )/2. The dots denote additional possible terms coupling different Q to S, which however do not contribute to Γ gg and Γ γγ at one loop order, as well as terms suppressed by the cut-off scale of the theory. Written in the mass basis, the sum over Q might include SM fermions. Then Γ γγ and Γ gg can be written as (x) ∝ x log(x), respectively . Due to this decoupling nature, we can without loss of generality take µ 0 ∼ M in which case the sums only run over SM fermions and possibly a few additional states with masses below M while the rest is encoded in the coefficients i . All SM -except possibly the top quark -contributions are also completely negligible. We immediately see why the large required radiative widths are not easily reproduced in perturbative models. In fact, as shown in [77] , reproducing the data via loops of massive particles coupling to S requires either large multiplicities or large Y , charges and color representations. We study this issue quantitatively in the next section.
Calculability in models of weakly coupled new fermions
To start our discussion, we will introduce a criterion to check if a given model is calculable. Assuming that a model contains a series of couplings y i , then, inspired by the 1/16π 2 suppression in the loop expansion, one could suggest that a plausible criterion is the requirement that |y i | < 4π for every coupling in the theory. However, considering the New Physics models that aim at explaining the di-photon resonance, this proposal could be misleading. If there are N copies of mediators propagating in the loop, it is clear that the multiplicity of the states has to be considered in the criterion. For example the requirement
,à la 't Hooft, could be more meaningful than |y i | < 4π. We can try to improve the definition of our criterion in the following way. The value of the coupling y i depends on the energy scale µ and its rate of change with energy is dictated by the beta function β y i . If we change the energy scale by an amount δµ we get a variation to the coupling y i that amounts to
The relative variation is given by
We conclude that if the the ratio |β y i /y i | is large, the coupling constant varies a lot even with small changes of the renomalization scale and henceforth one runs into troubles with calculability. Based on this, our final proposal for the criterion is
where β
y i is the β function of the coupling y i truncated at the one-loop level. The β functions are obtained as the sum of various contributions, so avoiding accidental cancellation, we will apply the proposed bound (3.3) to every contribution. This criterion benefits also from the fact that the one-loop beta functions for renormalizable gauge-Yukawa theories are well known and easy to compute (actually complete formulae are available up to two loops [78] [79] [80] [81] ).
We will now analyze the restriction imposed by (3.3) on a simple toy model. Despite its simplicity, our toy model captures the main features of several proposals which have appeared in the literature. Only in this section, we use a two-component notation for fermions. We introduce N Q copies of neutral vector-like QCD triplets (Q A , Q c A ) as well as N E copies of colorless vector-like fermions (E B , E c B ), singlet under SU (2) L and with hypercharge Y . We assume the theory to be invariant under a SU (N Q ) × SU (N E ) global symmetry. The 750 GeV resonance is represented by a real pseudo-scalar field S. We also impose invariance under parity transformation. In two-component notation the transformation rules that we assume are
The most general Lagrangian beyond the SM with the above assumed symmetries is given by
Invariance under parity forces y q and y e to be real and it is responsible also for the absence of linear and cubic terms in S in the potential. We are also omitting for simplicity the scalar quartic coupling H † HS 2 . In order to apply our criterion, we need to compute one-loop β functions of the cou-plings g s , g , y q , y e and λ. Using the analytic expressions from [81] , we obtain:
From the β functions of the gauge couplings we get:
The numerical approximations are obtained assuming α s = 0.1 and α = 1/128. These bounds on N E and N Q are very loose; however, our criterion can be extended to every monomial of every β function. We crucially observe that the size of λ is not protected by any symmetry. Indeed, in the limit λ → 0 there is no enhancement of the global symmetry. This also means that λ is the most favorable coupling to get very large radiative corrections, so we expect |β λ /λ| < 1 to give important constraints. In particular, considering the various terms in (3.8), we derive the following bounds:
The bound on λ derived in this way is again very loose but we can find a maximum allowed value for this parameter imposing the condition of non-violation of perturbative unitary for the scattering of scalars SS → SS. The analysis of the s-wave at tree-level gives |λ| < 16π. Making the conservative assumption |λ| ≤ 16π, from (3.14) and (3.15), we get:
It is possible to extract other bounds from βy q yq < 1 and βy e ye < 1 but it turns out that the constraints derived from |β λ /λ| < 1 are always stronger in any region of the parameter space. We are now ready to compare these bounds with the information on the model parameters coming from data on S. To this end, we can use the expression of Section 3 of [77] adapted to the case of CP-odd interactions. The induced widths from fermion loops are given by
where τ Q = 4M 2 Q /M 2 and τ E = 4M 2 E /M 2 and the loop function is defined as
In order to be conservative, we take the values of mediator masses close to their expected experimental exclusion limit. In particular, we take M Q = 1 TeV and M E = 400 GeV. The decay widths normalized to the mass of the scalar are given by
and we neglected corrections of order (M/2M Q ) 2 and (M/2M E ) 2 , respectively. Imposing the bounds on the product of Γ γγ Γ gg , we obtain
Extra constraints can be derived considering other phenomenological aspects. The non-observation of any significant excess in the di-photon invariant mass distribution at the 8 TeV run at the LHC, suggests that the production cross section increases sizeably when varying the energy from √ s = 8 TeV to √ s = 13 TeV. This fact favours production mechanisms of the scalar S with large gain factor r ≡ σ 13 TeV /σ 8 TeV . In our toy model, the scalar S can be produced by gluon or photon fusion, and the respective gain factors are given by r γγ = 1.9 and r gg = 4.7. Henceforth, to have a better fit of the 8 TeV and 13 TeV data, we impose in our model that the gluon production dominates over the photon one:
where C gg = 2137 and C γγ = 54 are the partonic integrals as defined in [77] . In terms of our parameters we get y
An upper bound on Γ gg can be derived using results for searches for resonances decaying to di-jet final states [82] . From the analysis of [77] we infer that Γ gg /M < 2 · 10 −3 and this gives:
We are now ready to collect all the information and to check in which region of the parameter space the model can be considered calculable according to our criterion (3.3).
We obtain 25) and will use the numerical analysis of this model to draw conclusions that are rather general. Moreover, we will comment on the range of applicability of our analysis and, finally, will provide the β function for a generic gauge-Yukawa model with a single scalar field.
The analysis of the system of constraints in (3.25) suggests two scenarios where the model is calculable at the threshold of new physics states:
If the hypercharge of the new states is very large, then all of our constraints can be easily satisfied. The qualitative reason is again linked to the radiative correction of the self-interaction λ. Indeed, if we change the value of Y , all the constraints generated by |β λ /λ| < 1 remain unaffected, while the contribution to Γ γγ gets a sufficient enhancement to explain the properties of the 750 GeV resonance (including the large decay width). Notice that a change in the SU (3) C color irreducible representation can be more dangerous because even if we benefit from an enhancement in Γ gg due to larger group invariant C r , the enlargement of the dimensionality of the irreducible representation gives a larger correction to the quartic λ.
Large multiplicity scenario.
If we want to avoid very large and exotic electric charges, then we are forced to consider a sizable number of states. In the following we will consider Y = 1 for concreteness to present the argument. First, just considering the seventh row of (3.25), it seems possible to address the excess by assuming Yukawa couplings of y e ∼ y q ∼ 1 with N E ∼ N Q ∼ 16 or even y e ∼ y q ∼ O(5) with only N E ∼ N Q ∼ 3. However, taking into account in particular the third and fourth rows, such solutions are excluded. So we make the crucial observation that the running of the scalar quartic renders scenarios trying to address the signal with sizable Yukawa couplings and a modest number of new states uncalculable. A very large number of new states seems unavoidable. Quantitatively, from the third, fourth, and seventh rows in (3.25) above, we obtain the interesting bounds Finally, we present a quantitative overview on the number of required new fermions and its interplay with the Yukawa couplings of the new scalar in Figure 1 . Here, we show contours of constant Yukawa couplings y e = y q , which we assume equal for simplicity, in the N E vs. N Q plane, where we require the seventh row of (3.25) to be fulfilled. The allowed region is obtained for
Although the model can be considered calculable according to (3.3) , the vary large number of states generates a Landau pole very close to the TeV scale.
The considerations made for our toy model are rather general and we believe that the problem of calculability is an issue in a large part of the proposed weakly coupled solutions of the 750 GeV puzzle. For this reason, we suggest applying our simple strategy in order to check if a model is calculable and predictions can be trusted. We summarize here the main considerations to perform this analysis:
• Our criterion is based on a comparison between tree-level effects and one-loop corrections. The comparison is done confronting the tree-level value of the couplings with their β function:
• One should write the complete sets of beta functions for a given model, these can be found for example in [78] [79] [80] [81] .
• If we don't allow cancellations of the various terms in the β functions, our condition can be applied to every monomial .
• This will give a large number of constraints on the parameters space, and one has to check if this region allows for an explanation of the 750 GeV resonance.
• We also want to remark that a quartic coupling for the new scalar state is always allowed in a renormalizable model. Moreover, this term is not protected by any symmetry, so it is the ideal place to look for large radiative corrections. 4 • Perturbative unitarity bounds can be used to set upper bounds on the couplings providing further constrains; for example, those coming from 2 → 2 scattering of the new scalar are particularly important to bound the quartic self-coupling.
We conclude by noticing that several explanations of the 750 GeV resonance consider just the SM augmented by a single real scalar and a series of fermions. For this case, we provide simple and compact formula for the β functions based on the results in [81] . We consider the following lagrangian for a simple gauge group
Lorentz contractions are implicit and we consider only marginal operators. The matrix Y is such that it extends over all the indices of the fields including the gauge ones. For example, for a pair of vector-like QCD triplets Q and Q c , Y is symmetric matrix of order 6. We also need the following definitions:
32) 34) where t A are the generators of the gauge group acting on the fermion fields and f ABC are the structure constant of the simple group. The capital letter F refers to the (in general reducible) representation of the fermions under G denote the adjoint irreducible representation of the gauge group. The β functions are given by:
36)
where the parameter κ is set to 1/2 for the case of two-component fermions. An extension to non-simple groups G 1 × · · · × G n requires the substitutions: 40) where g k is the gauge coupling of the group G k . As we argued in this section, we expect the most important constraints to came from the radiative effects on λ. In particular we get
4 Constraints on couplings to SM fermions
As discussed in Sec. 2, we can parametrize the relevant S couplings to SM fermions after electroweak (EW) symmetry breaking -in the mass basis -as
(4.1) In the following we also fix Λ i = 1 TeV in (2.3). All our results however can be easily rescaled to any other values. Considering effects well below the scale of M , we can also safely use (2.3) to parametrize the constraints coming from the observations of S at the LHC. The summary of our derived constraints on Y ij and consequently S decay products with these assumptions is given in Table 1 . The details of their derivation are however presented in the following two subsections.
Dipole moments
Important information and constraints on the flavor and CP structure of S couplings to SM fermions can be extracted from existing low energy measurements and searches. In particular, focusing on the flavor diagonal couplings, the measured MDMs of SM charged leptons, the constraints on their EDMs, as well as constraints on nuclear EDMs provide very stringent probes. In order to simplify the notation in this section we will explicitly split each flavor diagonal S Yukawa coupling into its real and imaginary parts as
where Y i andỸ i are defined as real. We start by defining the NP induced SM lepton EDMs and shifts to MDMs via
We first analyze the constraints (as well as possible NP hints) coming from the lepton MDM measurements. The current experimental situation can be summarized as follows [83] [84] [85] 6) where in the second row we have added the various experimental and theoretical errors in quadrature and took the central value as quoted in the PDG [85] . Perhaps the most interesting part here is the long standing anomaly in a µ . If explained due to the same new particles, which are responsible for the γγ excess at 750 GeV, it can provide unambiguous information on the couplings of the new sector to muons and further correlate a µ with existing constraints on the S decays to µ + µ − .
The dominant contribution to the muon MDM comes from the so called Barr-Zee type diagram in Fig. 2 , very similar to the structure shown in [86] [87] [88] [89] [90] in the context of the Two Higgs doublet model (THDM). 5 There are however several important differences between the perturbative THDM scenarios and the required properties of S. First, as discussed in the previous section the substantial coupling of S to the di-photons is likely to be explained within a non-perturbative UV completion. In accordance with this and in order to simplify the expressions, we will also completely neglect the SM fermions running in the loop and concentrate on the UV contributions in (2.3) . Second, the likely nonperturbativity of the UV completion poses a clear challenge to the explicit calculation of the Barr-Zee diagrams when the effective couplings between S and photons emerges from strong dynamics. To emeliorate this problem, we consider in our analysis only the universal pieces, logarithmically sensitive to the UV dynamics which scale as log(Λ i )/Λ i , but neglect all the finite terms which scale as 1/Λ i , because the latter are model dependent.
Before we go into the details of the calculation, it is instructive to estimate the effect from considerations of dimensional analysis. Being a logarithmically-divergent contribution to a dimension-five operator, it is expected to scale as
where Λ γ is the mass scale of heavy (strongly coupled) states generating S → γγ. This structure immediately suggests that accommodating the reported value of the a µ anomaly (4.5) requires Y µ ∼ 0.1, in conflict with the non-observation of S in the µ + µ − channel. We will now show that this naive estimation is in fact fairly close to the result of the explicit calculation.
In our estimate we assume that the structure of the Sγγ vertex is identical to one gets from loops of heavy fermions (see [91] for the details), namely
where q µ stands for the momentum of the external photon, k µ denotes the momentum running in the loop, and Λ is the mass of the heavy fermion running in the loop. Of course, at the end of the day we will take the limit Λ → ∞ to recover the effective dimension-5 operator. The first part of this expression is completely generic and relies on no model assumptions. It is only the integral which depends on the structure generated by integrating 5 We note in passing that while focusing here on an EW singlet S, our results are expected to apply also to large parts of the parameter space of models where S is the neutral component of a larger multiplet. The main difference is due to the fact that in the singlet case there is only as single neutral state which gives a new contribution to the MDM. In a THDM on the other hand one in general needs to include both CP-even and CP-odd states. Moreover, these contributions are suppressed only by log M and therefore heavier states are potentially as important as of the lightest one. Hereafter we assume only one state in our analysis, but extension to two or more states is possible along these lines. out heavy fermions. However, we expect these details of the vertex structure to be relevant only for the finite terms, and not for the leading logarithm that we are interested in. From here it is easy to write down the expression for the new contribution to the lepton MDM, closely following [91] :
where we have explicitly integrated out the heavy fermions. 6 In the case of = µ, a comparison with the reported value of a µ yields at the 2σ level
for Λ γ = 1 TeV (4.10)
Of course similar values apply for the combination˜ γỸ µ if the S is (predominantly) a pseudo-scalar. These numbers should be taken with a grain of salt because of our approximation of the effects of the dimension-five operator by a simple logarithm. In particular, given that the expected separation of M and Λ γ scales is expected to be moderate at most, the model dependent finite contributions could be comparable in specific UV-models. Given that S → µ + µ − non-observation implies |Y µ | 0.06, we see that interpreting ∆a µ as a signal is marginally consistent with Λ γ being close to TeV. More importantly, the preferred range of |Y µ | will be probed in the very near future at the LHC13. Note also, that in order to interpret ∆a µ as a signal one is forced to assume γ 0.1. This assumption is in tension with non observation of S in the di-photon final state at LHC8 and suggests that the theory might have non-perturbative UV-completion [77] . If instead interpreted as a constraint, a µ implies no bound which would be stronger than existing direct LHC searches in the µ + µ − channel. 6 From integrating out the heavy fermions loop we have γ =
. One can also
. In these expressions I f = 1/2 for the fundamentals of the SU (3) and I f = 3 for the adjoint.
When we apply these considerations to γ Y τ and˜ γỸ τ , we get no meaningful bound, while bounds on the couplings of the new scalar to the electrons are marginal
which is comparable to the existing direct LHC constraints. Turning to the leptonic EDMs, they constrain the CP-violating products of S couplings to the charged SM leptons and photons ( γỸ and/or˜ γ Y ). The current experimental bounds read |d e | < 8.7 × 10 −29 e cm , (4.12) We estimate the contributions of S using the analogous expressions for the corresponding Barr-Zee diagrams, which were obtained for the hypothetic CP-violating Higgs couplings to the third generation fermions in [92] .
As in the MDM case, effectively integrating out the heavy fermions and keeping only the leading logarithmic pieces we get the following expression for the new contribution to the lepton EDMs:
Of course, similar contributions proportional to the˜ γ Y will be formed. Evidently, no meaningful constraints exist on the CP-violating couplings either of the tau lepton or of the muon. However, the constraint on the CP-violating coupling to the electron is stringent 16) depending whether the contribution to the EDM is positive or negative (a priori, we do not know the sign of the products γỸ e ,˜ γ Y e ). Finally we analyze the CP-violating couplings of S to the SM quarks. These are bounded by the measurements of nuclear EDMs, the most stringent constraints currently coming from the EDMs of the neutron and the nucleus of mercury. A priori, there are several different contributions to nuclear EDMs. Here we focus on quark EDMs, chromo EDMs (CEDMS), CP-violating nucleon-pion interactions and the contribution from the three-gluon Weinberg operator. In our analysis we follow the procedure of [92, 93] , defining the effective operators contributing the (C)EDMs as
Analogously to the case of leptonic EDMs, the Wilson coefficients of the EDM and CEDM operators at the matching scale (at the leading logarithmic order) are 19) and similarly for˜ γ Y q ,˜ g Y q combinations. We further run these operators to the hadronic scale µ H ∼ 1 GeV using the known QCD expressions [94, 95] , including finite shifts of the Weinberg operator at heavy quark thresholds [96, 97] and match them onto the neutron and mercury EDMs (c.f. [98] ). Using the recently updated values of the relevant hadronic matrix elements [99, 100] we obtain 
in terms of the effective Wilson coefficients evaluated at the hadronic scale. Interestingly the nuclear EDM bounds (at 90% C.L.) of 22) impose meaningful bounds on the CP-violating couplings. 7 In particular, conservatively taking the lower one-sigma values for all hadronic matrix elements, the neutron EDM yields 27) while the mercury EDM gives
In addition, the mercury EDM is also sensitive to CP violating four-fermion interactions of l ight quarks [98] , in particular tree level S exchange yields
30)
7 In our analysis we do not include the bound on the CP-violating coupling to the strange quark. The reason is that the neutron EDM dependence on this coupling is highly uncertain and consistent with zero [99] [100] [101] .
at the matching scale M . The QCD evolution to the hadronic scale [95] reduces C q by C q (µ H ) 0.2C q (M ) leading to the bounds
Finally, similar effects due to heavy quarks can be relevant though their contributions to the Weinberg operator. The two loop contribution due to a massive quark q can be factorized in terms of the mixing of C q intoc q followed by a threshold shift of c W at the scale m q . This yields [95] 33) in agreement with an explicit evaluation of the two-loop result [92, 102] . In this case the bound coming from the neutron EDM is much stronger and yields
Flavor observables
Next we derive constraints on Y i =j and consequently flavored S decay products in Table 1 .
As before we restrict our discussion to the inclusion of a single non-vanishing Y ij at a time.
Here the leading effects can appear already at the tree level. In particular, off-diagonal couplings to quarks will induce neutral meson oscillations through tree-level S exchange
The resulting constraints can be derived following the results of [103, 104] . The values shown in Table 1 have been obtained taking into account the recent Lattice QCD updates [105] [106] [107] . We note that in case S is a part of a larger SU (2) L multiplet there can be additional effects coming from the associated charged scalars. Formally at least, these will be loop suppressed compared to contributions in (4.37). In practice however the relative size of both effects depends on the detailed flavor composition of the model. The second class of effects is very similar to the contributions of flavor diagonal Y ii to the fermionic dipole moments discussed in the previous subsection. Namely, the simultaneous presence of Y ij and γ,g generates radiative FCNC operators at the one-loop order. We define the relevant flavor changing dipole operators through
where 39) and analogous for Q Rf 1 f 2 γ and Q Rf 1 f 2 g . Using the results of existing calculations done in the context of renormalizable models [104, 108, 109] we derive
where we have again only kept the logarithmically enhanced contributions, and where
Finally, contributions of˜ γ and˜ g can obtained directly from the above expressions via the replacements γ →γ, g →g and
. The partonic radiative rates are then given by
We note in passing that similarly to the case of ∆F = 2 observables, in models where S is a member of a larger electroweak multiplet additional contributions can arise from one-loop exchange of the associated charged scalars. However, contrary to the ∆F = 2 case, here such effects are not formally suppressed by either higher loop order or higher power in 1/Λ expansion. In fact it is well known, that within THDMs charged Higgs contributions typically provide the largest effects on radiative decays (c.f. [110] ). In view of this, the bounds derived from dipole transitions can be viewed in such context as conservative estimates and stronger constraints are generically expected. Imposing (2.1) together with stringent bounds on radiative LFV decays of heavy leptons allows to derive strong constraints on all Y i , j . On the other hand, due to existing ∆F = 2 bounds on Y q i q j , radiative decays of hadrons do not generally impose additional constraints. An exception are the b → sγ and b → sg transitions in the B sector, as well as s → dg transitions in the kaon sector, which we thus examine in detail.
The b → sγ and b → sg transitions are severily constrained by the measurements of the inclusive B → X s γ branching fraction and more generally, a global analysis of the inclusive and exclusive b → sγ and b → s + − FCNC mediated decays. For the case of B → X s γ one can write [111] 
where the terms quadratic in NP contributions and tiny effects from their imaginary parts have been neglected. ∆C 7, 8 are in turn defined as [110] 
Equation (4.44) holds at the renormalization scale µ 0 = 160 GeV. In our analysis we neglect small QCD running effects from our effective field theory (EFT) cut-off scale Λ i = 1 TeV. The teoretical prediction in (4.44) has to be compared to the current experimental world
Combination of bounds on the S couplings to photons and gluons coming from: the observation of S → γ events at the LHC (green band assuming gluon fusion dominated S production), the ATLAS inferred S resonance width (in blue band assuming a possible third decay channel saturating the width) and b → sγ constraints (in red bands) for various values of S couplings to bs (Y bs ) allowed by B s oscillation measurements. The dark red (orange) contours refer to positive (negative) relative sign between γ and g . See text for details.
average of B(B → X s γ) exp = (3.43 ± 0.21 ± 0.07) × 10 −4 [112] . Combined with the bounds from B s oscillations and (2.1), this leads to the 2σ constraints shown in Fig. 3 . We observe that if Y bs is close to the bound set by B s oscillation measurements, a large S width in (2.2) cannot be reproduced with only the S → gg mode.
On the other hand c Lbsγ and c Lbsg are most stringently constrained by a global fit to b → sγ and b → s + − related measurements (c.f. [113] ). In particular one obtains
where a recent analysis [114] assuming real C 7,8 yields a constraint on the combination − 0.1 < η sb Re(C 7 + 0.24C 8 ) < 0.12 at 95% C.L., (4.47) where η sb 0.58 accounts for the QCD running between µ 0 and the b-quark mass scale [113] . In this case the constraints are milder and any value of Y sb below the bound set by B s oscillation measurements does not significantly constrain the phenomenology of S . In the kaon sector, dipole operators mediating s → dg transitions can be probed via the measurements of direct CP violation in K 0 → 2π decays, in particular / . Interestingly, the most recent SM prediction for this quantity [115] ( / ) SM = (1.9 ± 4.5) × 10 −4 , (4.48) exhibits a ∼ 2σ tension with the corresponding experimental measurements [116] [117] [118] [119] . The value of relevant matrix element is still fairly uncertain. A recent estimate [115] using a chiral quark model gives
Conservatively using the lower boundary of this interval and combining the remaining theoretical and experimental uncertainties in quadrature, we obtain a 2σ preferred range of g ImY sd of 1.4 × 10
Notice that such values can be consistent with constraints coming from neutral kaon oscillations provided | g | 0.01 . Analogous conclusions hold for the product˜ g ReY sd as well as˜ g ReY ds or g ImY ds .
Finally, we note that all couplings of S to the top quark are only very weakly constrained. In particular radiative t → qγ and t → qg decays do not impose any relevant constraints on Y tq , Y qt . More information can in fact be extracted from existing LHC flavor tagged analyses at high p T . While there are not current searches for singly produced tj resonances, we can recast the recent ATLAS searches [120, 121] for tb resonances taking into account the poorer efficiency for b-tagging charmed jets (0.2 versus 0.7 for b-jets) but neglecting possible differences in acceptance and efficiency due to different production (gg versusqq ). In the narrow width approximation, which applies for Γ/M 0.1 the bound is 53) where R 13TeV/8TeV ≡ σ(pp → S) 13TeV /σ(pp → S) 8TeV . On the other hand currently no relevant experimental bound on Γ(S → tū) can be extracted in this way .
Implications of S → γγ for R K puzzle
Recently, the LHCb collaboration has reported discrepancies in angular observables in the 
where a good fit to all relevant b → sµ + µ − data can be obtained for several choices of non-vanishing parameters [114, 125] [cv (34TeV)
Such contributions cannot be generated via tree-level exchange of a neutral scalar. Instead, perhaps the simplest explanation is due the exchange of a neutral massive vector U (1) gauge boson (Z ) [126, 127] . Interestingly such models, if weakly coupled, require the introduction of scalars neutral under SM gauge group as well as heavy vector-like quark and lepton partners. The scalar condensate controls both the spontaneous breaking of the U (1) as well as the mixing of SM fermions with their vector-like counterparts, which endows them with couplings to the Z . To examine the possibility that S represents the physical excitation of the U (1) breaking condensate we consider the following simple model (see [127, 128] for related previous work). We introduce two pairs of vector-like fermions Q and Ψ with SM and U (1) gauge quantum numbers (3, 2, 1/6, Q ) and (1, 2, −1, Q ) as well as X = (w + S)/ √ 2 carrying (1, 1, 0, Q ) and with w ≡ √ 2 X . All SM fields are assumed to be neutral under U (1) . For any nonvanishing U (1) charge Q , the only terms coupling SM fermions to the new sector are the X Yukawa couplings between Q, Ψ and the corresponding SM fermion doublets q and
If they mix with a single SM generation the weak and mass eigenstates will be related via [129, 130] 
where 58) where M Q is the Q Dirac mass, y q is the SM fermion Yukawa coupling to the Higgs and v = 246 GeV. The mass eigenstates are then determined via
The analogous expressions for leptons can be obtained via the replacement q → . Note that due to the different up-and down-type quark masses within the SM weak doublet, θ q and m Q can differ between the up and down sectors. In practice however the differences are negligible for M Q 1 TeV. Secondly, since the SM fermion mixes with a state with exactly the same SM quantum numbers, modifications of W and Z couplings to the physical state q are protected by both EW and U (1) breaking and thus safely small. Together, both effects make this model largely transparent to EW precision tests. Consequently even maximal mixing is perfectly allowed. It does however significantly affect U (1) and S interactions. In particular, mixing induces perturbative (Q, q) loop contributions to radiative S decays. Secondly, it provides new decay channels for S: for example if Ψ is lighter than S, the later can decay to a Ψ pair. Such decay rates are proportional to (Ỹ cos θ ) 2 . Finally, the induced U (1) charges of q and can have effects in low energy processes of SM fermions. In particular, if we furthermore assume, that Q only mixes with the third generation SM doublet in the up-quark mass basis, where
only mixes with the second generation SM doublet in the charged lepton mass basis, where
We see that for w 1 TeV a preferred set of values for cv, ca can in principle be reproduced. However, the same interactions also generate contributions to B s mixing. In particular [127]
where
TeV, the second term in the brackets is negligible. The same effect is present in B d mixing, by replacing V ts → V td . Requiring |M 12 /M SM 12 −1| < 0.15 thus constrains w/ sin 2 θ q 4 TeV. This condition can be easily satisfied for even forỸ q ∼ 1 at M Q ∼ 1 TeV provided a low enough U (1) breaking w 0.5 TeV. Note that for M = 750 GeV, this corresponds to a X with a quartic value of ∼ 1.
On the other hand neutrino trident production constrains the Z couplings to muons. In our case, the relevant cross-section, normalized to the SM value is given by [131] 
where s W √ 0.23 is the sine of the weak mixing angle. Comparing this with a recently compiled average of measurements σ exp /σ SM = 0.83 ± 0.18 [127] we obtain a 2σ bound on w/ sin θ 0.91 TeV. 8 The results of a combined fit to S signal strength and flavor data is shown in Fig. 4 , where we also fix γ = g = 0.1 to reproduce the required radiative S widths to within 50% (shown in blue shading). In addition requiring to reproduce b → sµ + µ − data, the constraint coming from B s oscillation measurements and neutrino trident production exclude the red and orange shaded regions at small and large θ , respectively. The S width is dominated by the decays S → gg, however at small M Ψ also S → µ ± Ψ ∓ and S → νΨ 0 can become important. The invisible decay mode provides a constraint on this setup [77] (shown in brown shading in the figure). Consequently the ATLAS indicated large S width cannot be obtained with typical allowed widths of the order of Γ/M 0.002. The charged Ψ state is radiatively split in mass from the neutral component [132] [133] [134] and will decay promptly as Ψ ± → π ± Ψ 0 . Since the pion in the decay is very soft and can be missed, the resulting signature for S → µΨ resembles a monolepton, but with an additional soft pion.
Since low energy flavor observables do not directly depend on the U (1) gauge coupling, the mass of the corresponding gauge boson is undetermined. If it is light enough S can decay to it, providing additional interesting decay modes S → 2A → 4j b and S → 2A → 4µ . Finally, in the narrow window where M > 2m A > 2M Ψ , also S → 2A → 2Ψ ± 2µ decay mode is possible, while S → 2A → 2Ψ 0 2ν just contributes to the invisible S width. On the other hand, the new vector-like fermions in the model can be searched for directly at colliders, such as the LHC. Limits on corresponding vector-like quarks are currently at O(800 − 900) GeV [135] [136] [137] [138] [139] [140] [141] , while the prospects for the high-luminosity LHC (HL-LHC) at 14 TeV are around 1500 GeV [142, 143] . Turning to the lepton sector, constraints reported in the PDG stem so far from LEP, and are at m L 100 GeV [85] . Regarding the LHC, existing multi-lepton searches using the full √ s = 8 TeV data set can be used to place limits on masses of vector-like leptons. These are rather model dependent and currently reside at around O(200 − 400) GeV [144] . In turn, the some of the interesting parameter space of the model should be accessible with the next LHC run and finally at the HL-LHC.
Conclusions
We have explored the potential physics underlying the excess in searches for di-photon resonances at ATLAS and CMS, parameterizing it in terms of higher dimensional operators including the SM fields and a new (pseudo-)scalar particle S. 9 Beyond that, we considered renormalizable interactions of the latter with new vector-like fermions. In particular, we have addressed the question of calculability in scenarios where the tentative signal is mediated by loops of such new fermions, indicating that existing (apparent) explanations featuring sizable S Yukawa couplings and a bunch of new fermions are in fact not calculable in perturbation theory. In particular, we have proposed a simple strategy to test if in a given model perturbation theory can be trusted. We applied this to a toy model of new vector-like fermions and derived concrete bounds on their number and their Yukawa couplings, confronting them with the parameter space of possible explanations of the anomaly. Moreover, we have studied correlations between the di-photon excess and low energy observables. A first focus was on dipole moments of SM fermions coupled to S, which are generated due to the (sizable) coupling of S to photons (and gluons). We showed that the constraints in this sector are able to shed light on the interactions of S. In particular, we demonstrated that an explanation of the muon MDM anomaly requires a Sµ + µ − coupling of O(0.1) and can be tested by limits on the decay S → µ + µ − . The latter are already cutting significantly into the parameter space and will explore a large portion of it with the next LHC run. On the other hand, upper bounds on a e as well as on the corresponding electric dipole moment can significantly constrain the couplings of S to electrons.
After that, we turned to correlations between the di-photon excess and flavor physics, considering four-fermion operators generated after integrating out S at the tree level as well as radiatively generated dipole operators due to the Sγγ and Sgg interactions. We consequently presented limits on the S Yukawa couplings from measurements in the flavor sector, such as meson oscillations as well as FCNC decays of hadrons and leptons. While in the quark case, usually limits from meson mixing provide the most stringent constraints, we showed in particular that in the presence of new right-handed contributions to dipole operators, bounds on b → sγ transitions, together with the requirement to reproduce the correct S width, can add non-trivial information on the Yukawa couplings. We explored these constraints, together with those from the cross section of the S → γγ signal and from B s oscillations in the γ , g , Y sb /Y bs parameter space. Similarly interesting interplay occurs in the kaon sector, where we have shown that g , Y sd /Y ds effects consistent with bounds from neutral kaon oscillation measurements could ameliorate the tension between the recent SM predictions and experimental measurements of the direct CP violation in K 0 → 2π decays ( / ).
Finally, we also considered the flavor anomalies recent found in the angular analysis of B → K * µ + µ − and in R K . We showed that the scalar S could be linked to the breaking of a gauged U (1) symmetry, which in turn could address these anomalies via Z exchange. We assumed the latter being coupled to new vector-like fermions, charged under the U (1) , that mix with the (U (1) neutral) SM fermions only via the vacuum expectation value of a scalar that features S as a physical excitation. We considered various constraints on this model, summarized in Figure 4 .
